Abstract The gene encoding the protease Nep secreted by the haloalkaliphilic archaeon Natrialba magadii was cloned and sequenced. Upstream of the nep gene, a region related to haloarchaeal TATA-box and BRE-like consensus sequences was identified. The nep-encoded polypeptide had a molecular mass of 56.4 kDa, a pI of 3.77 and included a 121-amino acid propeptide not present in the mature Nep. A Tat motif (GRRSVL) was also identified at residues 10-15 suggesting it is a substrate of the Tat pathway. The primary sequence of Nep was closely related to serine proteases of the subtilisin family from archaea and bacteria (50-85% similarity). The nep gene was expressed in Escherichia coli and Haloferax volcanii resulting in production of active Nep protease. In contrast to the recombinant E. coli strains in which Nep activity was only detected in cell lysate, high levels of Nep protein and activity were detected in the culture medium of stationary phase recombinant Hfx. volcanii strains. The Hfx. volcanii synthesized protease was active in high salt, high pH and high DMSO. This study provides the first molecular characterization of a halolysinlike protease from alkaliphilic haloarchaea and is the first description of a recombinant system that facilitates highlevel secretion of a haloarchaeal protease.
Introduction
Proteases are key enzymes in many processes important to the cell and are widely used in biotechnology and industry (Rao et al. 1998) . Many representatives of the Archaea domain are extremophiles, thriving in conditions lethal to most cells. Thus, Archaea represent an important resource of enzymes, including proteases, for applied research as well as for basic enzymology.
Haloarchaea dominate in hypersaline environments ([2.5 M NaCl). As a result of this adaptation, haloarchaea and their enzymes are active and stable in environments of high salt (Mevarech et al. 2000) . Thus, for applications which require low water activity such as high salt or organic solvents, haloarchaea and their enzymes have great potential as biocatalysts.
Extracellular proteases have been isolated and characterized at the biochemical level from a number of neutrophilic haloarchaea (optimum growth at pH 6-7) (De Castro et al. 2006; Vidyasagar et al. 2006) . Genes encoding several of these proteases have been isolated and expressed in heterologous systems (Kamekura et al. 1992 (Kamekura et al. , 1996 Shi et al. 2006) . However, the levels and activity/stability of the halophilic proteases generated from these recombinant systems are low.
In contrast to the neutrophilic haloarchaea, the alkaliphilic haloarchaea require high pH (8.5-11) and high salt (4-5 M NaCl) for growth and, thus, are considered a distinct physiological group (Tindall et al. 1984) . Although there is limited information on the biology of this group, the extremophilic properties of the haloalkaliphiles for salinity and pH suggest that these microbes and their enzymes represent an underutilized resource for basic research and industrial applications.
Only a few proteases of haloalkaliphilic archaea have been purified and characterized at the biochemical level. These include an extracellular protease secreted by the haloalkaliphilic strain A2 (Yu 1991) , a membrane-bound chymotrypsinogen B-like protease of Natronomonas pharaonis (Stan-Lotter et al. 1999) , and extracellular proteases of Natronococcus occultus and Nab. magadii (reviewed in De Castro et al. 2006) . None of the genes encoding these enzymes has been cloned or modified for high-level expression in recombinant hosts. Of these, the Nab. magadii extracellular protease (Nep) is a 45 kDa serine protease that was purified and characterized from the extracellular medium (Giménez et al. 2000) and is active and stable in high salt, high pH and high concentrations of organic solvent (Ruiz and De Castro 2007) . Nep activity is predominant in the culture medium of stationary phase Nab. magadii cells enabling its rapid and relatively simple purification (Giménez et al. 2000) . Thus, Nep has many favorable properties for its application as a biocatalyst in reactions requiring high pH and/or low water activity such as protease catalyzed-peptide synthesis.
In this study, the gene encoding the Nab. magadii Nep protease was isolated, sequenced, and expressed in recombinant E. coli and Hfx. volcanii. Nep-dependent proteolytic activity was detected in both systems with high-level production and secretion of an active and stable form of Nep in the Hfx. volcanii host. To the best of our knowledge, this is the first study to describe the isolation of a gene which has biochemical evidence to support its encoding a halolysinlike protease from the alkaliphilic group of haloarchaea. It is also the first study to demonstrate the high-level synthesis of a haloarchaeal protease in an active and stable form in the extracellular medium of a recombinant host.
Materials and methods

Materials
Restriction enzymes, T4 DNA ligase and Taq DNA polymerase were purchased from Fermentas (Glen Burnie, MD), New England BioLabs (Ipswitch, MA), and Promega (Madison, WI). Azocasein was from Sigma-Aldrich (St Louis, MO), and yeast extract was from Oxoid (Remel; Lenexa, KS). Plasmid DNA was isolated using WizardPlus SV Minipreps DNA purification System, and DNA fragments were purified using the WizardPlus Gel and PCR Clean-Up System (Promega). All other chemicals and reagents were analytical grade and were supplied by Sigma-Aldrich (St Louis, MO) and Fisher Scientific (Pittsburgh, PA).
Strains and culture conditions
Strains used in this study are indicated in Table 1 . Cells were grown at 37°C in liquid culture (150 rpm) or on solid medium supplemented with 1.5% (w/v) agar. E. coli was grown in Luria Bertani (LB) medium, Nab. magadii was grown in yeast extract (5 g/L) medium (Tindall et al. 1984) , and Hfx. volcanii was grown in YPC medium (Dyall-Smith 2006) . Medium was supplemented with 100 lg ampicillin, 50 lg kanamycin, 25 lg chloramphenicol and/or 2 lg novobiocin per ml as needed. E. coli DH5a was used for routine cloning. Hfx. volcanii DS70 was transformed with plasmid DNA isolated from an E. coli dam-strain (GM33), as previously described (Cline et al. 1995) .
Protein sequencing
Nep was purified from Nab. magadii as previously described (Giménez et al. 2000) . Purified protease (670 pmol) was inhibited with 1 mM PMSF in 3 M NaCl and sequenced by Edman degradation (Edman and Begg 1967) at LANAIS-PRO facility, CONICET-UBA, Argentina.
Cloning the nep gene of Nab. magadii: generation of DNA probes and genomic libraries Genomic DNA was extracted from Nab. magadii and Hfx. mediterranei as previously described (Ng et al. 1995) . Attempts to synthesize a DNA probe by PCR using Nab. magadii genomic DNA with primers MI-S and MI-AS [corresponding to the N-terminal sequence of Nep (NH 2 -PNDPMYGQQYAPQR) and a subtilisin active site motif (NH 2 -AMSTGS), respectively] (Table 1) were unsuccessful. Considering the similarity of the N-terminal amino acid sequence of Nep with halolysins of neutrophilic haloarchaea, the Hfx. mediterranei genomic DNA was used as template for PCR-amplification of an heterologous DNA probe. Haloarchaeal codon usage frequencies (Place 1995) were included in primer design. The PCR reaction (25 ll) contained: 100 ng of genomic DNA, 200 lM each deoxynucleotide triphosphate, 1.5 mM MgCl 2 , 1 lM of each primer, 19 PCR buffer and 2 U of Taq DNA polymerase. Reactions were incubated at: 94°C (2 min) for one cycle; 94°C (30 s), 50°C (30 s) and 72°C (30 s) for 25 cycles; and 72°C (2 min) for one cycle. The PCR-product of expected size (0.7 kb) was gel-purified, cloned in plasmid pGEM-T Easy vector (Promega), sequenced, and labeled by random priming with 32 P-dCTP (Sambrook et al. 1989 ). The labeled fragment was used to screen a PstI-subgenomic library of Nab. magadii genomic DNA in plasmid vector pGEM-3Z (Promega) by hybridization. For isolation of full-length nep, a random genomic library was prepared by ligation of 6-15 kb Sau3AI-fragments of Nab. magadii genomic DNA into k Blue-STAR BamHI vector arms (Novagen, New Canaan CT). Ligated DNA was packaged with k Phage Maker extract, and phages were plated onto E. coli ER 1647, following the manufacturer's specifications (Novagen). Replica filters of the genomic library (75,000 PFU) were analyzed by hybridization with a 664 bp digoxigenin-labeled DNA probe generated by PCR amplification using primers Nep-S and Nep-AS (Table 1) , according to manufacturer's instructions (Boehringer Mannheim). Positive plaques were detected by CSPD-based chemiluminescence and purified. Cre-mediated plasmid excision was performed using E. coli BM 25.8. Plasmid DNA was amplified in E. coli DH5a, subjected to restriction enzyme mapping, and sequenced using the dideoxy termination method (Sanger and Nicklen Coulson 1977) (ICBR DNA Facility, University of Florida, Gainesville, FL USA). DNA and deduced protein sequences were compared to public databases available at NCBI (www.ncbi.nlm.nih.gov) using BLAST. Sequence alignments were performed using CLUSTAL W 1.82.
Generation of nep expression plasmids
For expression in E. coli, the nep coding region was PCRamplified from positive plaques, cloned into plasmid pET24b(+), and sequenced to validate fidelity of the cloned PCR product. Primers used for PCR-amplification included: Nep-NdeI-F, Nep-HindIII-stop-R, and Nep-HindIIInonstop-R (Table 1) . The E. coli expression plasmids generated included: pET-nep and pET-nep-His which respectively encode Nep and Nep with a C-terminal polyhistidine tag (Nep-His6). For Hfx. volcanii expression, the DNA fragments containing nep and nep-His were isolated from the pET-based plasmids and ligated into the shuttle plasmid vector pJAM202 using NdeI and Bpu1102I (BlpI). Each modified nep gene was positioned upstream of a T7 terminator and downstream of the Halobacterium cutirubrum (Hc) rRNA P2 promoter and Shine Dalgarno site located on pJAM202. The Hfx. volcanii expression plasmids generated included: pJAM-nep and pJAM-nep-His which respectively encode Nep and Nep-His6.
Expression of nep in recombinant E. coli and Hfx. volcanii E. coli Rosetta (DE3) cells harboring the pET-based plasmids were grown in LB medium containing 50 lg/ml kanamycin and 35 lg/ml chloramphenicol to an optical density at 600 nm (OD 600 ) of 0.4-0.5. Expression of the nep genes was induced by addition of 0.4 mM IPTG, and samples were withdrawn after 1, 3 and 5 h (37°C, 150 rpm). Hfx. volcanii DS70 cells harboring the pJAMbased plasmids were grown to stationary phase (OD 600 of 1.8-2.5) in YPC medium supplemented with 2 lg novobiocin per ml. Cells were harvested by centrifugation at 10,0009g (4°C, 10 min) and analyzed for Nep production as described below.
SDS-PAGE and protease assay of nep-expressing strains
Concentrated cell-free culture medium and cell pellets were suspended in 19 SDS-PAGE loading buffer containing 0.1% (w/v) SDS and 0.1 M DTT, boiled for 5 min and applied to 12% (v/v) polyacrylamide gels with SDS. Molecular mass standards were BenchMark Pre-Stained Protein Ladder (Invitrogen). After electrophoresis, protein bands were visualized by Coomassie Brillant Blue staining. Proteolytic activity of cell lysate and culture media was determined as previously described (Giménez et al. 2000) . Briefly, cell pellets were suspended in 50 mM Tris-HCl buffer at pH 8 supplemented with 3 M NaCl to a theoretical OD 600 of 20, disrupted by ultrasound and clarified by centrifugation at 10,0009g (10 min, 4°C). When indicated, the culture medium was concentrated by gradual addition of one volume of cold absolute ethanol, incubated (1 h on ice), and centrifuged at 5,0009g (4°C, 10 min). The resulting precipitate was suspended in 50 mM Tris-HCl at pH 8 supplemented with 3 M NaCl at 1/10 original sample volume and recentrifuged to eliminate insoluble material. Proteolytic activity of these cellular and extracellular fractions was measured at 45°C in 50 mM Tris-HCl buffer at pH 8 containing 1.5 M NaCl and 0.5% (w/v) azocasein. Reactions were stopped by addition of one volume of cold 10% (v/v) TCA, and acid-soluble products were detected by A 335 . One unit of protease activity was defined as the amount of enzyme producing an increase of 1 A 335 unit per h under these assay conditions. Hfx. volcanii cells harboring pJAM-based plasmids were also grown on YPC plates containing 0.8% (w/v) non-fat skim milk and assessed for the formation of clear halos indicative of extracellular protease activity.
Salt and pH optima of the HvNep and NmNep proteases
All reactions included the substrate azocasein at 0.5% (w/v). For salt effects, the reaction mixture was buffered with 50 mM Tris-HCl (pH 8) and was supplemented with the indicated concentrations of NaCl. For pH effects, the reaction included 1.5 M NaCl and 50 mM of the following buffers: Na-phosphate (pH 7), Tris-HCl (pH 8) or glycine-NaOH (pH 10). Initial rates of hydrolysis of azocasein were calculated from time course reactions performed with 0.8 units of enzyme as measured under standard assay conditions. Cell-free culture medium supernatants of either Nab. magadii (NmNep) or Hfx.
volcanii harboring pJAM-nep (HvNep) were used as a source of the Nep enzyme. All determinations were performed in duplicate.
Preparation of anti-Nep antibodies and western blotting
The enzyme sample (preincubated with 1 mM PMSF for 30 min at room temperature) was electrophoresed on a 12% (w/v) polyacrylamide gel contaning 0.1% (w/v) SDS to separate the major protease band from other protein species resulting from autolysis. The gel was stained with Coomassie Brillant Blue R-250 and the major protein band was excised from the gel and used as antigen. This protein band was coincident with the detection of azocaseinolytic activity on a SDS-PAGE gel containing betaine loaded with the uninhibited enzyme. The gel piece was homogenized with buffer phosphate saline (12 mM phosphate buffer, 3 mM KCl and 140 mM NaCl) and the homogenate was emulsified in Freund's complete adjuvant (Sigma) and injected subcutaneously into a rabbit. The same amount of booster injections were given every 2 weeks using incomplete Freund's adjuvant. The rabbit was bled before the first injection (preimmune serum) and then 1-week after the last booster to obtain immune serum (anti-Nep antibodies). Western blots were performed by standard protocols using 1/4,000 anti-Nep antibody diluted in blocking buffer and 1/10,000 alkaline phosphatase-conjugated secondary antibody.
Mass spectrometry
The target bands on SDS-PAGE gels were excised and subjected to in gel digestion with trypsin followed by peptide mass fingerprinting by matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF) using a MALDI-TOF-TOF spectrometer, Ultraflex II (Bruker), in the Mass Spectrometry Facility CEQUIBIEM, Argentina. Spectra from all experiments were converted to DTA files and merged to facilitate database searching using the Mascot search algorithm v2.1 (Matrix Science, Boston, MA) against the non-redundant protein sequences of GenBank (National Center for Biotechnology Information, Bethesda, MD) and the sequences of the full length and mature form of Nep deduced from the nep gene isolated in this study.
Nucleotide sequence accession number
The DNA and deduced protein sequences of the Nab. magadii nep have been assigned GenBank Accession Number AY804127, Version AY804127.2 GI: 119951969, Protein ID: AAV66536.
Results and discussion
Cloning and sequencing of the nep gene Nep was purified from the extracellular medium of Nab. magadii and sequenced by Edman degradation. The resulting N-terminal amino acid sequence of 14 residues (NH 2 -PNDPMYGQQYAPQQ) was used to isolate the fulllength nep gene from Nab. magadii genomic DNA by hybridization (see methods for details). The putative promoter of the isolated nep gene included an archaeal TATAbox consensus sequence (5 0 -TTTAAT-3 0 ; positions -34 to -29) proximal to a potential transcription start site (5 0 -GT-3 0 , positions -5 to -4) and downstream from a BRE-like element (5 0 -AA-3 0 ; positions -39 to -38) (Fig. 1) . These sequences were closely related to the consensus motifs established for haloarchaeal promoters (Palmer and Daniels 1995; Reeve 2003) . The 1,623 bp open reading frame downstream of this promoter encoded a protein of 541 amino acid residues with an estimated molecular mass of 56,454 Da. The amino acid composition of this polypeptide showed a high percentage (20%) of acidic residues with a theoretical pI of 3.77, a feature in agreement with the acidic properties of other haloarchaeal proteins (Mevarech et al. 2000) . The N-terminal sequence of purified Nep was encoded by nucleotides at position +364 to +406 relative to the putative translation start point, suggesting the polypeptide translated from nep includes a 121 amino acid residue propeptide (12,626 Da) which is cleaved to generate a mature 43,828 Da protease. This result is consistent with the 45 kDa molecular mass estimated by gel filtration for the Nep purified from Nab. magadii (Giménez et al. 2000) and suggests the native Nep is monomeric.
The polypeptide deduced from the complete nep gene was 62-85% similar to halolysins characterized from neutrophilic haloarchaea (Fig. 2) . These included the Nab. asiatica halolysin, Natrinema sp. J7 (previously Halobacterium salinarum isolate J7) SptA protease, and Hfx. mediterranei halolysin R4 (Kamekura et al. 1992 (Kamekura et al. , 1996 Shi et al. 2006) . Nep was also related to serine proteases of the subtilisin family from bacteria (e.g. Bacillus cereus thermitase, 50% similarity) and uncharacterized halolysins predicted from DNA sequences including VNG2573G of Halobacterium sp. NRC-1 and SptB/SptC of Natrinema sp. J7. Although neutrophilic and alkaliphilic haloarchaea belong to distinct physiological groups, these results reveal halolysin-like proteases are distributed in both groups. Halolysins, however, are not universal among the haloalkaliphilic archaea. For example, halolysin-like coding sequences are not predicted for Nmn. pharaonis DSM 2160, the only haloalkaliphilic archaeon with a complete genome sequence available to date (Falb et al. 2005 ). Furthermore, Nep-cross hybridizing sequences are not detected in the genomic DNA of Ncc. occultus (not shown), which secretes a 130 kDa extracellular serine protease (Studdert et al. 2001 ). Thus, it remains to be determined whether halolysin-(Nep-) like proteases are common or unusual among the alkaliphilic group of haloarchaea.
Analysis of the primary sequence of Nep revealed conservation of the catalytic triad Asp, His and Ser residues critical for proteolytic activity of proteases of the subtilisin clan. In addition, a C-terminal extension, which is absent in the bacterial subtilisins, was common to all of the halolysin-like proteases including Nep (Fig. 2) . Removal of this C-terminal ''tail'' abolishes the protease activity of Hfx. mediterranei halolysin R4 and, thus, has been proposed to be essential for the stability of halolysins in high salt (Kamekura et al. 1996) . Interestingly, a highly acidic patch was identified in the C-terminal domain of the Nab. magadii Nep (positions 413-424) which was not conserved in the other proteases. This 12 residue stretch was a prominent and distinguishing feature of the haloalkaliphilic Nep that was not shared with any of the neutrophilic proteases and, thus, may have a role in maintaining the stability of Nep at the two extremes (high pH and/or salt).
A GRRSVL sequence (spanning residues 10-15) of the Nep propeptide was identified as a twin-arginine signal sequence motif by TATFIND (Rose et al. 2002) (Fig. 1) . This motif (xRRShL, where h is hydrophobic and x is nucleophilic or acidic) was common to all of the haloarchaeal proteases and suggests that Nep is secreted via the Tat pathway. The Tat system is a Sec-independent protein translocation pathway with the unique ability to export folded proteins (Bolhuis 2002) . Based on in silico data, haloarchaea are predicted to extensively use the Tat system as an adaptation to the high salt conditions allowing cytoplasmic folding of proteins before their secretion (Rose et al. 2002) . So far only a few proteins have been confirmed experimentally to be exported by the Tat system in haloarchaea (Rose et al. 2002; Hutcheon et al. 2005; Shi et al. 2006; Giménez et al. 2007 ). Whether Nep is secreted via the Tat or other secretion system remains to be established; however, Nep is known to be secreted from the cell based on purification of its mature form from the extracellular matrix of Nab. magadii. Amino acid sequence alignment of the Nab. magadii Nep with other proteases of the subtilisin family. Nep: Nab. magadii serine protease, Nab. magadii (AAV66536); HlyFII: halolysin precursor, Nab. asiatica (P29143); HlyR4: halolysin R4, Hfx. mediterranei (BAA10958); HlyNRC1: deduced halolysin sequence, Halobacterium NRC-1 (NP_281139); SptA, SptB, SptC: proteases, Natrinema J7 (AAX19896, AAX19897, ABA19042); Ther: thermitase, B. cereus (NP_832079). Similarity (100-50%) is shown as shaded areas from black to light grey. Critical active site residues are indicated with arrowheads. The acidic patch (position 413-424) in Nep is indicated with a line. Genebank accession numbers are in parentheses Extremophiles (2008) 12:677-687 683 by Coomassie Brillant Blue staining (Fig. 3a) and Western blot (data not shown) in the lysate of E. coli cells after induction of nep-His expression. Similar results were observed for E. coli cells transformed with nep gene without the His tag. A major 40 kDa protein was also detected in the culture medium of induced cells (Fig. 3a) .
To validate the identity of these proteins, the polypeptides were excised from the gel, subjected to trypsin digestion and analyzed by MALDI-TOF/TOF tandem mass spectrometry. Peptides corresponding to Nep were identified for the 85 and 70 kDa protein bands including: the 1843.991 Da K.AASALGAFLGLGGVASATPGR.E (for both proteins) and the 1090.529 Da K.FPSNAAEQAR.E (for the 85 kDa species). Both peptides correspond to the preprosequence of the nep-encoded polypeptide indicating that these proteins were not processed. However, the 70 kDa species may be a partially degraded product of the larger form of Nep. The molecular masses of the Nep proteins expressed in recombinant E. coli are most likely overestimated (85 and 70 kDa vs. 56 kDa for the polypeptide translated from nep gene) due to the abnormal electrophoretic mobility of acidic proteins in SDS-PAGE gels (Hou et al. 2000) .
On the other hand, the 40 kDa polypeptide was not specific to Nep and was identified as the E. coli OmpF porin, chain A. This protein may have leaked through the membrane and accumulated in the culture medium of the recombinant E. coli cells, as has been shown for other proteins expressed in E. coli (Georgiu and Segatori 2005) .
To assess whether the Nep-specific proteins produced in E. coli were active, the proteolytic activity of cell lysate and culture medium was measured using azocasein as a substrate (Fig. 3b) . Of the various E. coli samples examined, significant hydrolysis of azocasein was detected only in the lysate of cells induced for expression of nep-His (Fig. 3b) or nep genes (data not shown). In contrast, limited to no protease activity was detected in lysate of control cells (Fig. 3b) or in the culture medium of induced or control cells (data not shown). These results indicate that even though some proteolytic activity was detected that was associated with E. coli cells, Nep was not efficiently translocated, processed and/or folded in the bacterial host.
As no protein species corresponding to the mature Nep was evident in SDS-PAGE gels, the proteolytic activity may be attributed to undetectable amounts of active mature enzyme produced in recombinant E. coli cells and/or partially active unprocessed forms of the recombinant Nep, as it was reported for the subtilisin-like protease from the hyperthermophilic archaeon Thermococcus kodakaraensis (Kannan et al. 2001) . The low activity of Nep observed in the mesohalic E. coli host is not surprising considering that Nep is an extracellular enzyme from a haloalkaliphile and is likely to require processing during or after secretion to attain full activity based on N-terminal sequencing. Interestingly, Nep appeared toxic to E. coli. When un-induced, cells harboring either nep or nep-His exhibited identical doubling times to control strains (29-35 min). However, after addition of IPTG to induce gene expression, both strains arrested growth. Although so far our attempts to express nep at high levels in E. coli have not been successful, further optimization may be possible as several halophilic enzymes have been produced in active forms in recombinant E. coli (Feng et al. 2006; Diaz et al. 2006; Kaczowka and Maupin-Furlow 2003) .
Synthesis of active Nep enzyme in recombinant
Hfx. volcanii
In addition to E. coli, expression of nep was evaluated in the neutrophilic haloarchaeon Hfx. volcanii. The nep coding region was positioned downstream of the strong H. cutirubrum rRNA P2 promoter in an E. coli-Hfx. volcanii shuttle vector (pJAM202) ( Table 1 ). The resulting plasmids, pJAM-nep and pJAM-nep-His which respectively encode Nep without and with a C-terminal polyhistidine tag, were transformed into Hfx. volcanii DS70. Production of Nep in these strains was assessed by SDS-PAGE, Western blot and proteolytic activity assay, as above. SDS-PAGE of the culture medium of stationary phase cells revealed a major protein band of 71 kDa and a minor band of lower molecular mass (49 kDa) which were specific to Hfx. volcanii strains harboring plasmid pJAM-nep (Fig. 4a) . The major band of 71 kDa was subjected to MALDI-TOF-TOF tandem mass spectrometry analysis and a peptide (R.SYNWGADEEIEVDLDGDEELGILVDR.Y) with a molecular mass of 2951.363 Da was identified to correspond to the C-terminal domain of Nep. This result confirms the identity of this protein and also shows that, similarly to the halolysins produced by neutrophilic haloarchaea, the C-terminal domain of Nep is not cleaved after secretion of the protease into the extracellular medium. Consistent with SDS-PAGE, only Hfx. volcanii cells which harbored pJAM-nep produced detectable levels of this active extracellular protease, as assessed by the appearance of clear halos on plates containing skim milk (Fig. 4b , upper) and protease activity assay of the culture medium of stationary phase cells (Fig. 4b, lower) . These results suggest that the major protein species (apparent molecular mass of 71 kDa) most likely represents the mature active Nep. The protease activity secreted by recombinant Hfx. volcanii cells was completely inhibited by the serine protease inhibitor PMSF as expected for Nep. Surprisingly, the proteolytic activity of the extracellular fraction of the recombinant Hfx. volcanii (pJAM-nep) was *100-fold higher (215 U/ml) than that of Nab. magadii (2-3 U/ml) ( Fig. 4b) and SptA of the neutrophilic haloarchaea Hfx. mediterranei, Nab. asiatica (formely strain 172P1) and Natrinema sp. J7, respectively, which were expressed at only low levels in recombinant Hfx. volcanii (Kamekura et al. 1996; Shi et al. 2006 ).
Effect of salt, pH and DMSO on the activity and stability of HvNep
To facilitate purification, the recombinant Nep proteases were expressed with a His tag in Hfx. volcanii and E. coli (see ''Methods''). However, enrichment of the His-tagged Nep proteases from the culture medium of both cells was unsuccessful, most likely due to incorrect folding of the poly-His tag. As Nep was highly enriched in the culture medium of stationary phase Hfx. volcanii (pJAM-nep) cells with few contaminating proteins based on SDS-PAGE (Fig. 4) , the biochemical properties of this fraction (HvNep) were compared to Nep purified from Nab. magadii (NmNep) (Giménez et al. 2000) . Both Nep fractions had similar optima for protease activity at 1.5 M NaCl and pH 10. However, the HvNep showed lower activity at pH 7-8 compared to NmNep. Previous work revealed that DMSO can substitute for salt to maintain the stability of NmNep (Ruiz and De Castro 2007) . To further investigate these findings, HvNep and NmNep were incubated at 30°C in aqueous-organic solvent buffers containing 1.5 or 0.5 M NaCl supplemented with 0-30% (v/v) DMSO. After 24 h, residual proteolytic activities were measured under standard (low solvent, high salt) conditions. As shown in Table 2 , no activity was detected for HvNep and NmNep after preincubation in 0.5 M NaCl alone at 30°C for 24 h. However, both proteases retained 45% of their residual activities at this 'low' salt concentration in the presence of 30% (v/v) DMSO, indicating that they were similarly stabilized by DMSO. Although DMSO had a similar stabilizing influence on both Nep preparations, the activity of HvNep was more sensitive to assay in the presence of organic solvents than NmNep. The proteolytic activity of HvNep was reduced by 81.3% ± 4.7 when assayed in the presence of 1.5 M NaCl and 30% (v/v) DMSO compared to 1.5 M NaCl alone. In contrast, the proteolytic activity of NmNep was reduced by only 51.7% ± 10 under similar assay conditions (data not shown).
Overall, the Nep enzymes synthesized in recombinant Hfx. volcanii and native Nab. magadii (HvNep and NmNep) revealed similar salt and pH optima for protease activity and were equally stabilized by DMSO in dilute salt solutions (Table 2) . HvNep, however, was less tolerant than NmNep when assayed for activity in suboptimal conditions (e.g. altered solvent or pH). Considering that Nab. magadii is an obligate haloalkaliphile, it is possible that the folding of Nep protease differs somewhat when synthesized in the neutrophilic host Hfx. volcanii compared to the alkaliphilic Nab. magadii. Alkaline-dependent folding may be necessary for full Nep activity and/or stability under all conditions examined.
This study provides the first molecular characterization of a halolysin-like protease from alkaliphilic haloarchaea and is the first description of a recombinant system that facilitates high-level secretion of a haloarchaeal protease. a Cell-free culture medium supernatants of either Nab. magadii (NmNep) or Hfx. volcanii harboring pJAM-nep (HvNep) containing 0.8 units of enzyme were used to perform the stability assays. NmNEP and HvNEP were preincubated in the absence or presence of 15 and 30% (v/ v) DMSO and 1.5 or 0.5 M NaCl at 30°C for 24 h. The residual activities were measured at 45°C under the standard assay conditions (final solvent concentration below 6%, v/v) and expressed as the product accumulated in 1 h of reaction. Stability was considered as the percentage of residual activity relative to the samples without preincubation (100%). All determinations were performed in duplicate
